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1Department of Physiology, Tokyo Medical University, Tokyo 160-8402, JapanABSTRACT Cytoplasmic free Mg2þ concentration ([Mg2þ]i) was measured in rat ventricular myocytes with a fluorescent indi-
cator furaptra (mag-fura-2) introduced by AM-loading. By incubation of the cells in a high-Kþ (Ca2þ- and Mg2þ-free) solution,
[Mg2þ]i decreased from ~ 0.9 mM to 0.2 to 0.5 mM. The lowered [Mg
2þ]i was recovered by perfusion with Ca
2þ-free Tyrode’s
solution containing 1 mM Mg2þ. The time course of the [Mg2þ]i recovery was fitted by a single exponential function, and the first
derivative at time 0 was analyzed as being proportional to the initial Mg2þ influx rate. TheMg2þ influx rate was inversely related to
[Mg2þ]i, being higher at low [Mg
2þ]i. The Mg
2þ influx rate was augmented by the high extracellular Mg2þ concentration (5 mM),
whereas it was greatly reduced by cell membrane depolarization caused by high Kþ. Known inhibitors of TRPM7 channels,
2-aminoethoxydiphenyl borate (2-APB), NS8593, and spermine reduced the Mg2þ influx rate with half inhibitory concentrations
(IC50) of, respectively, 17 mM, 2.0 mM, and 22 mM.We also studied Ni
2þ influx by fluorescence quenching of intracellular furaptra
by Ni2þ. The Ni2þ influx was activated by lowering intra- and extracellular Mg2þ concentrations, and it was inhibited by 2-APB
and NS8593 with IC50 values comparable with those for the Mg
2þ influx. Intracellular alkalization (caused by pulse application of
NH4Cl) enhanced, whereas intracellular acidification (induced after the removal of NH4Cl) slowed the Mg
2þ influx. Under the
whole-cell patch-clamp configuration, the removal of intracellular and extracellular divalent cations induced large inward and out-
ward currents, MIC (Mg-inhibited cation) currents or IMIC, carried by monovalent cations likely via TRPM7 channels. IMIC
measured at -120 mV was diminished to ~ 50% by 100 mM 2-APB or 10 mM NS8593. These results suggest that TRPM7/
MIC channels serve as a major physiological pathway of Mg2þ influx in rat ventricular myocytes.INTRODUCTIONCytoplasmic free Mg2þ concentration ([Mg2þ]i) of cardiac
myocytes is tightly maintained in the range of 0.8 to
1.0 mM (1). We previously reported that [Mg2þ]i was unal-
tered even under chronic hypomagnesemia, in which the
serum magnesium content fell to 1/3 of the control, in rats
fed a Mg2þ-deficient diet (2). However, the mechanisms
responsible for such [Mg2þ]i regulation remain largely un-
known. Because the basal level of [Mg2þ]i is well below
the electrochemical equilibrium for Mg2þ across the cell
membrane, the cellular Mg2þ content is thought to be regu-
lated by the balance between passive influx and active efflux
of Mg2þ. To understand the molecular mechanism of intra-
cellular Mg2þ homeostasis, it is important to identify the
pathways of influx and efflux of Mg2þ. Regarding the major
extrusion pathway, the extracellular Naþ-dependent Mg2þ
efflux, most likely the Naþ/Mg2þ exchange, has been stud-
ied in cardiac myocytes (3–5).
Regarding possible candidates of Mg2þ influx pathways,
several channels/transporters have been proposed based on
their structural and sequence characteristics, and their
Mg2þ transport function has been verified primarily in cells
with an overexpression of one of those channels/transporters
(6–9). Among them, TRPM7 (a member of the melastatinSubmitted June 25, 2014, and accepted for publication September 16, 2014.
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0006-3495/14/11/2049/10 $2.00subfamily of transient receptor potential channels), as well
as MagT1, SLC41A1, and ACDP2 (CNNM2), are endoge-
nously expressed in rat ventricular myocytes (2). However,
the physiological roles of these channels/transporters in
cellular magnesium regulation remain to be elucidated.
The aim of this study was to determine which channels/
transporters are of physiological importance in cardiac
myocytes. We used acutely isolated myocytes to obtain in-
formation most relevant to physiology. The myocytes
were first depleted of Mg2þ to lower [Mg2þ]i. The recovery
of [Mg2þ]i was then induced in the presence of extracellular
Mg2þ, and the time course of the [Mg2þ]i recovery was
analyzed. We used our previously devised methodology to
estimate the rate of Mg2þ influx (2). Some of the results
have been reported in abstract form (10–12).METHODS
General
All experimental procedures involving animals were approved by the insti-
tutional Animal Care and Use Committee of Tokyo Medical University
(Permit No.: S-24006) and were performed in accordance with the ‘‘Guide-
lines for Proper Conduct of Animal Experiments’’ approved by the Science
Council of Japan.
The instruments and procedures for the measurements of fluorescence
signals from single myocytes have been described previously (13,14). In
brief, single ventricular myocytes enzymatically dissociated from hearts
of male Wister rats (10 to 12 weeks old) (15) were placed in a chamber
on the stage of an inverted microscope (TE300; Nikon, Tokyo) and werehttp://dx.doi.org/10.1016/j.bpj.2014.09.015
2050 Tashiro et al.superfused with normal Tyrode’s solution (1 mM-Ca2þ Tyrode’s solution)
containing (mM): 135 NaCl, 5.4 KCl, 1.0 CaCl2, 1.0 MgCl2, 0.33 NaH2-
PO4, 5.0 glucose, and 10 HEPES (pH 7.40 at 25
C by NaOH). After the
measurement of background fluorescence and indicator loading by incuba-
tion with 5 mM furaptra AM (mag-fura-2 AM; Invitrogen, Carlsbad, CA) in
normal Tyrode’s solution for 15 min at room temperature, the acetoxy
methyl (AM) ester was washed out with Ca2þ-free Tyrode’s solution
(Table 1) that contained 0.1 mM K2EGTA in place of 1.0 mM of CaCl2
of normal Tyrode’s solution for at least 10 min. Subsequent fluorescence
measurements were carried out under Ca2þ-free conditions (Table 1), un-
less otherwise stated, to minimize possible cell damage and interference
in the furaptra fluorescence caused by Ca2þ overloading of the cells.Measurements and analyses of furaptra signals
The intracellular furaptra was alternately excited with 350 and 382 nm light
beams at 10 ms intervals, and the fluorescence at 500 nm (25 nm band-
width) was detected from the entire volume of the single cell under study.
At each excitation wavelength, the background fluorescence, measured for
each cell before indicator loading, was subtracted from the total fluores-
cence measured after indicator loading to yield indicator fluorescence in-
tensity. The ratio of furaptra fluorescence intensities excited at 382 and
350 nm [R ¼ F(382)/F(350)] was converted to [Mg2þ]i according to the
following equation:

Mg2þ

i
¼ KD , R-Rmin
Rmax-R
; (1)
where KD is the dissociation constant, and Rmin and Rmax are R values at
zero [Mg2þ] and saturating [Mg2þ], respectively. We used the parameter
values previously estimated in rat ventricular myocytes at 25C: KD ¼
5.30 mM, Rmin ¼ 0.969, and Rmax ¼ 0.223 (1), and at 35C: KD ¼
3.387 mM, Rmin ¼ 0.955, and Rmax ¼ 0.174 (16).Depletion of intracellular Mg2D and analysis of
Mg2D influx rate
The experimental protocol used for depletion and recovery of [Mg2þ]i has
been previously described (2). The myocytes were depleted of Mg2þ by in-
cubation in the Mg2þ-depleting solution containing 145 mM Kþ and 0 mM
Mg2þ (Mg2þ-depleting solution, Table 1) for 20 min at 35C, which caused
a decrease in [Mg2þ]i from the basal level (~ 0.9 mM) to 0.2 to 0.5 mM.
Because, in pilot experiments, we found that the rate of decrease inTABLE 1 Major constituents of the bathing solutions
(mM) NaCl NMDG KCl MgCl2 [Mg
2þ] [Naþ] [Kþ]
Ca2þ-free Tyrode’s 135 0 5.4 1 1 140 5.6
Mg2þ-depleting 0 0 140 0 0 0.3 145
Mg2þ-free NMDG
Tyrode’s
0 135 5.4 0 0 0.3 5.6
NMDG Tyrode’s 0 135 5.4 1 1 0.3 5.6
High-Kþ 0 0 140 1 1 0.3 145
5 mM-Mg2þ Tyrode’s 135 0 5.4 5 5 140 5.6
All solutions contained 0.1 mM K2EGTA, 0.33 mM NaH2PO4, and 10 mM
HEPES; were essentially free of Ca2þ; and had an osmolality of
~ 290 mOsm/kg H2O. The pH of the solutions was adjusted to 7.40 at
25C with NaOH (for Ca2þ-free and 5 mM-Mg2þ Tyrode’s solutions),
with KOH (for Mg2þ-depleting and high-Kþ solutions) or HCl (for Mg-
free NMDG and NMDG Tyrode’s solutions). The pH of Mg2þ-depleting
solution was adjusted to 7.40 with KOH at 35C. The final concentrations
of Mg2þ, Naþ, and Kþ are shown in the right-most three columns.
NMDG ¼ n-methyl-D-glucamine.
Biophysical Journal 107(9) 2049–2058[Mg2þ]i was somewhat higher at 35C than at 25C, we chose 35C (rather
than 25C) to minimize possible cell damage caused by prolonged exposure
to the high-Kþ solution.
The bathing solution was then switched to the Mg2þ-free NMDG
Tyrode’s solution (Table 1) for ~ 40 min, during which the solution temper-
ature gradually returned to 25C, while the lowered [Mg2þ]i level was
maintained (see Fig. 1 of (2)). When the Mg2þ-depleted myocytes were
superfused with Ca2þ-free Tyrode’s solution (Table 1) at 25C, [Mg2þ]i
started to rise and reached a plateau in ~ 2 h near the initial basal level
(Fig. 1 A). For some experiments, intracellular1,2-bis(2-aminophenoxy)
ethane-N,N,N’,N’-tetraacetic acid (BAPTA) loading was performed to
minimize any increase in cytoplasmic free Ca2þ concentration ([Ca2þ]i);
briefly, after the Mg2þdepletion of the cells, the cells were incubated
with 10 mM BAPTA AM in Mg2þ-free NMDG Tyrode’s solution (Table 1)
for 40 min. The AM ester was washed out with Mg2þ-free NMDG Tyrode’s
solution for 10 min, before starting the [Mg2þ]i recovery.
We followed the [Mg2þ]i recovery at ~ 2 min intervals for 150 to 180 min
and found that the time course of the recovery could be well fitted by a sin-
gle exponential function of time (t),
Mg2þ

i
ðtÞ ¼ A , expð-t=tÞ þ Mg2þ
i
ðt¼NÞ; (2)
where A is a constant and t is a time constant. Because the [Mg2þ]i recov-
ery is likely caused by the influx of Mg2þ, the first derivative of the recovery
function (Eq. 2) is thought to reflect the rate of Mg2þ influx,
d

Mg2þ

i
ðtÞdt ¼ ð-A=tÞ , expð-t=tÞ: (3)
We used the value of d[Mg2þ]i (t)/dt at time 0, -A/t, as an index of the
initial rate of Mg2þ influx. We analyzed the initial rates of Mg2þ influx un-
der various extracellular conditions (Table 1).Analysis of Ni2D influx
In vitro excitation spectra of furaptra (excitation wavelength 300 to 450 nm,
emission wavelength 500 nm) were measured in a 1-cm quartz cell with a
spectrofluorometer (FP6500; JASCO, Tokyo, Japan) at 25C. The solutions
contained 0.1 mM furaptra (tetrapotassium salt), 130 mM KCl, 10 mM
NaCl, 10 mM PIPES/KOH, 0.3 mM MgCl2, and 0-5 mM of NiCl2 (pH
7.2). As described in Results (see Fig. 5 A and associated text), Ni2þ
quenches furaptra’s fluorescence.
In the myocytes, the increase in intracellular Ni2þ can be monitored by
fluorescence quenching of intracellular furaptra (see below). To observe
Ni2þ influx, we measured the decrease in furaptra fluorescence intensity
excited at 350 nm (an isosbetic wavelength for Mg2þ) induced by the addi-
tion of 1 mM NiCl2 to the bathing solution at 25
C.Electrophysiology
Mg2þ-inhibited cation current (MIC current or IMIC) was measured in ven-
tricular myocytes in the whole-cell configuration. The patch electrodes
were prepared from borosilicate glass capillaries and had a resistance of
1.5 to 2.3 MU when filled with a pipette solution (see below). Series resis-
tance (< 4 MU) was compensated (80%) to minimize voltage errors. Cur-
rents were recorded with an Axopatch 200B amplifier (Molecular Devices,
Union City, CA) coupled to a DigiData 1321A A/D and D/A converter
(Molecular Devices). pClamp 10.2 software was used for the command
pulse protocol, data acquisition, and analysis. A salt bridge containing
3 M KCl in 1.5% agarose was used to connect the reference Ag-AgCl elec-
trode to the bath solution. All voltage data were corrected for a liquid junc-
tion potential of -17 mV. The time courses of the current were monitored by
repetitively applying (every 10 s) a ramp pulse from þ63 mV to -137 mV
(3 s duration) from a holding potential of -67 mV. Extracellular solution (in
FIGURE 1 Examples of experimental runs for
Mg2þ influx in various extracellular solutions.
After Mg2þ depletion, the cell was perfused with
(A) Ca2þ-free Tyrode’s solution, (B) 5 mM-Mg2þ
Tyrode’s solution, (C) NMDG Tyrode’s solution,
or (D) high-Kþ solution. In each run, the estimated
values of [Mg2þ]i (dots) were fitted by a single
exponential function (solid line). A dotted line
shows the basal level of [Mg2þ]i of each cell
measured in Ca2þ-free Tyrode’s solution just
before Mg2þ depletion.
Magnesium Influx of the Heart 2051mM) was composed of 140 NaCl, 1 MgCl2, 0.33 NaH2PO4, 10 glucose, 10
HEPES, and 0.05 nifedipine (pH 7.4 adjusted with NaOH). To facilitate
IMIC, divalent cation (MgCl2) was removed from the bath solution. The
pipette solution (in mM) was composed of 25 CsCl, 130 Cs glutamate,
5 HEPES, 5 Na2 ATP, 0.1 NaGTP, and 1 MgCl2 (pH 7.3 adjusted with
CsOH). Free Mg2þ concentration was estimated to be 26 mM by the
MAXCHELATOR software (http://maxchelator.stanford.edy/webmaxc/
webmacS.htm). Experiments were carried out at room temperature (23
to 25C).Chemicals
The chemicals 2-Aminoethoxydiphenyl borate (2-APB), NS8593 hydro-
chloride (NS8593), spermine tetrahydrochloride (spermine), 5-(N-ethyl-
N-isopropyl) amiloride (EIPA), and naltriben methanesulfonate hydrate
(naltriben) were obtained from Sigma-Aldrich (St. Louis, MO). Nifedipine
was obtained from Research Biochemicals International (Natick, MA). Fur-
aptra (tetrapotassium salt of mag-fura-2), furaptra AM (mag-fura-2 AM),
and BAPTA AM were purchased from Invitrogen (Life Technologies,
Carlsbad, CA). Water insoluble compounds were dissolved from their
concentrated stock solutions in dimethyl sulfoxide (DMSO). The final con-
centration of the solvent was < 0.1% during fluorescence measurements,
which did not affect the [Mg2þ]i measurements.Data analysis
Curve fitting by linear and nonlinear least-squares was performed using the
program Origin (Version 8.1, Origin Lab, Northampton, MA). Statistical
values are expressed as the mean 5 SE. Differences between groups
were analyzed by Student’s two-tailed t-test with the significance level
set at p < 0.05.RESULTS
Mg2D influx rates
Mg2þ influx was induced by introduction of extracellular
Mg2þ to Mg2þ-depleted cells (Fig. 1). In Ca2þ-free Tyrode’s
solution that contained 1 mM Mg2þ (Fig. 1 A), the time
course of the [Mg2þ]i recovery was well fitted with a single
exponential function to reach the final steady-state level,
which was not statistically different from the basal
[Mg2þ]i before depletion (Table 2). We repeated this type
of experiment using a variety of extracellular conditions;
the results are summarized in Table 2. High extracellular
Mg2þ concentration (5 mM) significantly increased the
speed of the [Mg2þ]i recovery (Fig. 1 B and Table 2), which
was consistent with our assumption that the rise in [Mg2þ]i
was caused by Mg2þ influx. The final steady-state level was
not statistically different from the basal level. Removal of
the extracellular Naþ (NMDG Tyrode’s) slightly but signif-
icantly slowed the influx with overshoot of the steady-state
level above the basal [Mg2þ]i (Fig. 1 C and Table 2). Mem-
brane depolarization by high Kþ (145 mM) remarkably
diminished the rate of Mg2þ influx (Fig. 1 D and Table 2)
with the steady-state level of [Mg2þ]i similar to the basal
level. Although the above experiments were carried out in
Ca2þ-free conditions, inclusion of 1 mM Ca2þ in the extra-
cellular solution (1 mM-Ca2þ Tyrode’s solution) did notBiophysical Journal 107(9) 2049–2058
TABLE 2 Mg2D influx
Extracellular solution
(A) (B) (C) (D)
nInitial [Mg2þ]i (mM) d[Mg
2þ]i/dt (mM/s) Basal [Mg
2þ]i (mM) Steady-state [Mg
2þ]i (mM)
Ca2þ-free Tyrode’s (control) 0.355 0.02 0.275 0.04 0.925 0.04 0.895 0.03 10
5 mM-Mg2þ Tyrode’s 0.325 0.02 0.465 0.08* 0.815 0.002 0.805 0.02 6
NMDG Tyrode’s 0.345 0.03 0.155 0.02* 0.875 0.02 1.125 0.08# 8
High-Kþ 0.375 0.03 0.0535 0.014** 0.895 0.03 0.725 0.11 9
1 mM-Ca2þ Tyrode’s 0.415 0.03 0.235 0.03 0.875 0.04 0.885 0.05 8
1 mM-Ca2þ Tyrode’s (BAPTA AM) 0.335 0.03 0.155 0.03* 0.795 0.03 0.775 0.04 8
NH4Cl pulse þ EIPA 0.375 0.06 0.155 0.02* 1.075 0.06 1.365 0.12# 5
Ca2þ-free Tyrode’s at 35C 0.335 0.02 0.305 0.05 0.655 0.02 0.605 0.04 10
Summary of Mg2þ influx rates obtained in various extracellular conditions at 25C, with the exception of the bottom row that was obtained at 35C. (A) Initial
[Mg2þ]i: [Mg
2þ]i at the beginning of the recovery (at time 0 in Fig. 1). (B) Mg
2D influx rate: d[Mg2þ]i (t)/dt at time 0 calculated with Eq. 3 (see Methods).
(C) Basal [Mg2þ]i: [Mg
2þ]i measured just before Mg
2þ depletion (indicated by dotted lines in Fig. 1). (D) Steady-state [Mg2þ]i: [Mg
2þ]i (t¼N) of the fitted
exponential Eq. 2 (see Methods). Each data shows mean5 SE from the number of cells (listed in the right-most column). Statistical differences show ** p<
0.01, * p < 0.05 (vs. control), and # p < 0.01 (between C and D).
2052 Tashiro et al.cause changes in either the influx rate or the steady-state
level (Table 2). In this experiment, however, Ca2þ entering
from the extracellular space should raise [Ca2þ]i. The rise in
[Ca2þ]i could modulate gating of Mg
2þ-permeable channels
(see Discussion), and could also influence [Mg2þ]i by
competing for Ca2þ-Mg2þ binding sites in the cytoplasm.
We therefore loaded the cells with the Ca2þ chelator
BAPTA, and repeated the experiments with 1 mM Ca2þ-
Tyrode’s solution. In BAPTA-loaded cells, we observed
the Mg2þ influx with a significantly reduced rate and with
little difference between the steady-state level and the basal
[Mg2þ]i level (Table 2). Finally, raising the temperature
from 25C to 35C did not significantly change the initial
rate of Mg2þ influx (Table 2). Overall, these results suggest
that the Mg2þ influx with low Q10 is driven by membrane
potential, and that the responsible channels/transporters
are able to carry Mg2þ in the presence of physiological
extracellular Ca2þ.FIGURE 2 (A) A representative time course of the [Mg2þ]i recovery
calculated with mean values of t, A, and [Mg2þ]i(t ¼ N), as shown. The
dotted line indicates the mean value of basal [Mg2þ]i (0.92 mM). Ten exper-
iments were carried out at 25C in Ca2þ-free Tyrode’s solution. (B) The firstDependence of the Mg2D influx on [Mg2D]i
Fig. 2 A shows the time course of the [Mg2þ]i recovery in
Ca2þ-free Tyrode’s solution (at 25C) calculated using the
mean values of t, A, and [Mg2þ]i(t ¼ N) from 10 experi-
ments. The first derivative of the curve (i.e., the influx
rate) is initially large at low [Mg2þ]i, becomes smaller as
[Mg2þ]i gets higher, and reaches zero at the final steady
state. We analyzed this apparent dependence of the rate of
Mg2þ influx on [Mg2þ]i by calculating the first derivative
of the curve, d[Mg2þ]i(t), at any [Mg
2þ]i(t). Substitution
of Eq. 2 into Eq. 3 gives the inversely proportional relation
in the following:
d

Mg2þ

i
ðtÞdt ¼ At Mg2þ
i
ðtÞt: (4)
Using the best fitted parameter values shown in Fig. 2 A, thederivative of the solid line in Awas calculated with Eq. 4, plotted as a func-
tion of [Mg2þ]i (solid line), and extrapolated for [Mg
2þ]i < 0.347 mM
(broken line).line in Fig. 2 Bwas drawn and it was used as the standard for
subsequent analyses of drug concentration-response rela-
tionships (see below).Biophysical Journal 107(9) 2049–2058Effects of TRPM7 regulators on Mg2D influx
The Mg2þ influx driven by membrane potential with little
temperature dependence described above is consistent
with the permeation of Mg2þ through channels. As a candi-
date of such Mg2þ permeable channels, we tested TRPM7
channel, because 1), TRPM7 is highly expressed in the heart
(2), and 2), the channel is activated at low [Mg2þ]i, and per-
meates divalent (rather than monovalent) cations with more
preference to Mg2þ over Ca2þ (17,18). (In addition, thermal
sensitivity of TRPM7 has not been reported.) We used three
known inhibitors of TRPM7 channel, 2-APB (19), NS8593
(20), and spermine (21). Estimates of the Mg2þ influx rates
were obtained from the type of experiments shown in Fig. 1
in the extracellular presence of one of the inhibitors at
various concentrations, and were compared with the control
Magnesium Influx of the Heart 2053value obtained in the absence of inhibitors in Ca2þ-free Ty-
rode’s solution. Because the Mg2þ influx rates depend crit-
ically on [Mg2þ]i, precise comparisons should be made at
the same initial [Mg2þ]i; all estimated values of the Mg
2þ
influx rate were normalized to the value on the standard
line (Fig. 2 B) at a given [Mg2þ]i to yield relative Mg
2þ
influx rates. Among the three compounds tested, NS8593
strongly inhibited the relative Mg2þ influx rate to 0.12 5
0.086 at 10 mM, whereas the effects of 2-APB and spermine
were less potent than NS8593, with corresponding values of
0.43 5 0.10 for 2-APB and 0.42 5 0.062 for spermine at
100 mM. Fig. 3 summarizes the concentration dependence
of these compounds with half maximal inhibitory concen-
trations (IC50) of 17 mM for 2-APB (A), 2.0 mM for
NS8593 (B), and 22 mM for spermine (C). Also, maximal
inhibition of each inhibitor could be deduced from the
min (see Fig. 3 legend) of the fitted curve. According
to this analysis, at the saturating concentration, NS8593
and spermine fully inhibited the Mg2þ influx (min ¼ 0),
whereas 2-APB had a small amount that was uninhibited
(min ¼ 0.16).
We also tested if the Mg2þ influx was facilitated by nal-
triben, a d opioid receptor antagonist recently identified as
an activator of the TRPM7 channel (22). The rate of
[Mg2þ]i recovery was significantly faster in the presence
of 50 mM naltriben (not shown). The Mg2þ influx rate
(d[Mg2þ]i/dt) was, on average, 0.57 5 0.12 mM/s with the
initial [Mg2þ]i at 0.375 0.02 mM (n ¼ 7).Effects of intracellular pH on Mg2D influx
Because it has been reported that intracellular acidification
inhibits TRPM7 currents, whereas intracellular alkalization
activates these currents (21), we studied the effects of intra-
cellular pH (pHi) on the Mg
2þ influx rate. We changed pHi
with a pulse application of NH4Cl, by which pHi could reach
~ 7.4 during application and ~ 6.8 after removal of NH4Cl(23). We included 5 mM EIPA, an inhibitor of the Naþ/Hþ
exchanger, in the extracellular solutions to sustain intracel-
lular acidosis after removal of NH4Cl. A continuous
recording of [Mg2þ]i (Fig. 4 A) clearly showed that the
Mg2þ influx was enhanced during application of NH4Cl
and was slowed after its removal. Similar results were ob-
tained in three other experiments. When the initial rates of
Mg2þ influx were estimated from the type of experiments
shown in Fig. 1, the mean rate was 0.155 0.02 mM/s after
the removal of NH4Cl, which was significantly smaller than
the control obtained in Ca2þ-free Tyrode’s solution (Table 2).Ni2D influx as measured by fluorescence
quenching
It has been shown that the TRPM7 channel passes Ni2þ with
higher permeability than Mg2þ (17). We therefore tested
whether or not Ni2þ could enter the cells through the Mg2þ
influx pathways.AsNi2þ binds to furaptrawith a high affinity
(KD ~ 1 mM) and quenches its fluorescence at all excitation
wavelengths (Fig. 5 A), Ni2þ influx can be monitored by the
decrease in fluorescence intensity [F(350)] of intracellular
furaptra. When the cells with normal basal [Mg2þ]i were
superfused with a bathing solution that contained 1 mM
Ni2þ and no Mg2þ (replacement of 1 mM MgCl2 and
0.1 mM K2EGTA of Ca
2þ-free Tyrode’s solution with
1 mM NiCl2), F(350) was gradually decreased, suggesting a
slow influx of Ni2þ (solid circles in Fig. 5 B). In the Mg2þ-
depleted cells, on the other hand, the Ni2þ influx was mark-
edly enhanced with the same extracellular condition (1 mM
Ni2þ and 0 mM Mg2þ, open circles in Fig. 5 B). Ni2þ and
Mg2þ appear to compete for the same pathway, as coexis-
tence of 1 mMMg2þwith 1 mMNi2þ in the bathing solution
(replacement of 0.1 mM K2EGTA of Ca
2þ-free Tyrode’s so-
lution by 1mMNiCl2) significantly slowed the Ni
2þ influx in
the cells with normal basal [Mg2þ]i (solid triangles in Fig. 5
B) and in theMg2þ-depleted cells (open triangles in Fig. 5B).FIGURE 3 Effects of (A) 2-APB, (B) NS8593,
and (C) spermine on theMg2þ influx rate.All values
of d[Mg2þ]i(t)/dt were normalized to those ex-
pected for the initial [Mg2þ]i to calculate relative
Mg2þ influx rates (see text for details). Each symbol
represents mean5 SE of data obtained from five to
ten cells. Solid lines indicate the least-squares fit of
the data set by the Hill-type curve with parameter
values shown in the panel as follows:
Relative Mg2þ influx rate ¼ maxþ ðmin-maxÞ

 
½XN
KNi þ½XN
!
;
where the maximum (max) andminimum (min) are
relative Mg2þ influx rates, respectively, in the
absence of the inhibitor and in the presence of satu-
rating concentrations of the inhibitor (a lower bound
set to 0). N and Ki are, respectively, Hill coefficient
and IC50. To see this figure in color, go online.
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FIGURE 4 (A) A short-term continuous recording of [Mg2þ]i recovery in
the cells depleted of Mg2þ. The Mg2þ influx was induced in Ca2þ-free Ty-
rode’s solution with NH4Cl (20 mM) included only for the initial 2 min
(shaded area). EIPA (5 mM) was present in the bathing solutions throughout
the run. (B) An example of the [Mg2þ]i recovery for 180 min after washout
of NH4Cl (dots). Solid and dotted lines indicate, respectively, the least-
squares fitted exponential function and the basal level of [Mg2þ]i, as
described in the legend of Fig. 1. To see this figure in color, go online.
2054 Tashiro et al.We also found that the Ni2þ influx was inhibited by 2-
APB and NS8593 in the experiments carried out with
Mg2þ-depleted cells in the bathing solution containing
1 mM Ni2þ and 0 mM Mg2þ. To determine their concentra-
tion-dependence, the rates of decrease in F(350) in the
initial 10 min were analyzed as the initial rates. IC50 values
were 20 mM for 2-APB (Fig. 5 C) and 4.4 mM for NS8593
(Fig. 5 D). These values are consistent with those for the
Mg2þ influx, as described above (Fig. 3).Mg2D efflux during depletion
During Mg2þ depletion of the cells, Mg2þ efflux was
induced by incubation of the cells in Mg2þ-depleting solu-
tion that contained 145 mM Kþ and no Mg2þ. High KþBiophysical Journal 107(9) 2049–2058should eliminate the large inward driving force for Mg2þ
generated by membrane potential. The time course of
[Mg2þ]i decline was well described by a single exponential
function (solid circles in Fig. 6). The decrement of [Mg2þ]i
during the 20 min period of depletion (D[Mg2þ]i) was, on
average, 0.46 5 0.02 mM from the basal level of
0.86 5 0.04 mM (Table 3). Fig. 6 also shows that 2-APB
(open circles) or NS8593 (Xs) significantly slowed the
Mg2þ efflux. On average, 100 mM 2-APB or 10 mM
NS8593 reduced D[Mg2þ]i by ~ 50%, as summarized in
Table 3.Mg2D-inhibited currents (IMIC)
After break-in and establishment of whole-cell patch-clamp
recordings, [Mg2þ]i was lowered by intracellular perfusion
using a pipette containing a solution with 26 mM free
Mg2þ. Further removal of extracellular divalent cations
(DVF in Fig. 7 A) induced large inward and outward cur-
rents, IMIC, likely carried by monovalent cations via
TRPM7 channels (Fig. 7 A), resulting in linear I-V relation-
ships (Fig. 7 B). Extracellular application of 2-APB
(100 mM) reversibly reduced both the inward and outward
currents (Figs. 7 A and B). The inward current measured
at120 mV was, on average, 485 4.2% (n¼ 7) of the con-
trol measured before application of 2-APB. The inhibition
of IMIC by 2-APB showed a concentration dependence
with IC50 of 62 mM and maximal inhibition of 79%
(Fig. 7 C). NS8593 also inhibited both inward and outward
IMIC (Fig. 7 D); 10 mM NS8593 decreased the current
measured at 120 mV to 495 13% (n ¼ 4).DISCUSSION
To our knowledge, this study is the first to characterize in
detail the physiological Mg2þ influx pathways of cardiac
myocytes. We used acutely isolated myocytes, rather than
cell lines, because native cells are thought to be of more
physiological relevance. The fluorescence signals of the
Mg2þ indicator furaptra could be reliably measured from
single myocytes over a period of up to 3 h, which covered
the entire time course of [Mg2þ]i changes caused by
Mg2þ influx into Mg2þ-depleted cells (Fig. 1). After the
cells were depleted of Mg2þ, the [Mg2þ]i recovery was
observed in the bathing solution that contained physiolog-
ical concentrations of Naþ (140 mM), Kþ (5 mM), and
Mg2þ (1 mM). Although most experiments were carried
out in the absence of Ca2þ (see Methods), the [Mg2þ]i re-
covery was essentially unaffected by the presence of
1 mM Ca2þ (Table 2). The mean rate of rise in [Mg2þ]i (d
[Mg2þ]i/dt) thus estimated with physiological levels of
extracellular Ca2þ and Mg2þ was 0.23 mM/s at 0.4 mM
[Mg2þ]i in Mg
2þ-depleted cells (Table 2). Because there
are numerous Mg2þ binding sites in the cells, changes in
[Mg2þ]i only partially reflect the changes in total
FIGURE 5 (A) In vitro excitation spectra of fur-
aptra measured in the solutions that contained
0-5 mM NiCl2 (as indicated) at 25
C. (B) Fluores-
cence quenching of intracellular furaptra by Ni2þ.
For each cell, furaptra F(350) was followed as a
function of time after extracellular application of
1 mM NiCl2 at time 0. In addition to 1 mM
Ni2þ, the bathing solution contained either 0 mM
Mg2þ for circles (B and C) or 1 mM Mg2þ for
triangles (6 and:). Relative F(350) was defined
as the F(350) value normalized to that measured
just before application of NiCl2. Each symbol
represents mean 5 SE. Solid circles (C): five
cells with normal basal [Mg2þ]i (initial [Mg
2þ]i
0.77 5 0.04 mM). Open circles (B): six cells
depleted of Mg2þ (initial [Mg2þ]i 0.35 5
0.03 mM). Solid triangles (:): six cells with
normal basal [Mg2þ]i (initial [Mg
2þ]i 0.73 5
0.07 mM). Open triangles (6): six cells depleted
of Mg2þ (initial [Mg2þ]i 0.38 5 0.04 mM).
(C and D) Concentration-dependent inhibition of
Ni2þ influx by (C) 2-APB and (D) NS8593 ob-
tained in Mg2þ-depleted cells. For each cell, the
initial rate of decrease in F(350) was estimated
by linear least-squares fit to data points in the
initial 10 min, and was normalized to the mean
value obtained in the absence of any inhibitors
(open circles in B) to yield the relative initial
rate. Each symbol represents mean 5 SE from
four to six cells. Solid lines were drawn by least-
squares fit of the data sets with the Hill-type curve,
as described in the legend of Fig. 3. All parameter
values are shown in the panels. To see this figure in
color, go online.
Magnesium Influx of the Heart 2055magnesium concentration ([Mg]tot) in the cytoplasm. The
cytoplasmic Mg2þ buffering power (b, defined as d[Mg]tot/
d[Mg2þ]i) can be calculated with the model using known
Mg2þ/Ca2þ binding sites (see Appendix). By using theFIGURE 6 Changes in [Mg2þ]i during Mg
2þ depletion of the cells at
35C. Examples of data from three cells are shown. The cells were depleted
of Mg2þ in the absence of any inhibitors of TRPM7 (solid circles) and in the
presence of either 100 mM 2-APB (open circles) or 10 mM NS8593 (Xs).
Solid, broken, and dotted lines were drawn by least-squares fit of solid cir-
cles, open circles, and Xs, respectively, by the single exponential function.values listed in Table 3 of Tursun et al. (14), the b value
of 4.0 was obtained at 0.4 mM [Mg2þ]i for pH 7.1, ionic
strength 0.16 M and 25C. The rate of change in [Mg]tot,
which is thought to directly reflect the Mg2þ influx rate,
could then be calculated as follows:
d½Mgtot

dt ¼ b , dMg2þ
i

dt

: (5)
With the mean d[Mg2þ]i/dt (0.23 mM/s) and the calculated b
2þ(4.0), d[Mg]tot/dt (i.e., the Mg influx rate) was estimated
to be 0.92 mM/s. We could calculate the inward current car-
ried by Mg2þ using typical values assumed for cell volume
of 1.95 104 mm3 (24) and a cytoplasm-to-cell volume ratio
of 0.5 (25). With these values, Mg2þ influx of 0.92 mM/s
would correspond to the inward current of only 1.7 pA,
which may explain the difficulty in electrophysiological
measurements of the Mg2þ current in physiological
conditions.TRPM7 as a major physiological pathway for
Mg2D influx
During Mg2þ recovery, the rise in [Mg2þ]i was initially fast
at low [Mg2þ]i, but slowed down as [Mg
2þ]i approached the
basal level (e.g., Fig. 2). The results suggested that the Mg2þ
influx is inhibited by intracellular Mg2þ, and highlightedBiophysical Journal 107(9) 2049–2058
TABLE 3 Mg2D-efflux
Basal [Mg2þ]i (mM) D[Mg
2þ]i (mM) n
Control 0.865 0.04 -0.465 0.02 7
2-APB (100 mM) 0.755 0.01 -0.245 0.02** 5
NS8593 (10 mM) 0.835 0.01 -0.275 0.01** 7
Summary of Mg2þ-efflux during depletion at 35C in the absence (control)
or in the presence of TRPM7 inhibitors, as indicated in the left-most col-
umn. Basal [Mg2þ]i was measured in the Ca
2þ-free Tyrode’s solution just
before Mg2þ-depletion. D[Mg2þ]i was calculated as [Mg
2þ]i after Mg
2þ-
depletion for 20 min minus basal [Mg2þ]i. Each data shows mean 5 SE
from the number of cells (listed in the right-most column). ** p <
0.01(vs. control).
2056 Tashiro et al.TRPM7 as a good candidate for the major influx pathway
among other Mg2þ-permeable channels/transporters ex-
pressed in cardiac myocytes, including SLC41A1, MagT1,
and ACDP2 (CNNM2) (2). In addition, the Mg2þ influx
showed characteristics that were compatible with the
TRPM7 channel. First, the known inhibitors of TRPM7
(2-APB, NS8593, and spermine) strongly inhibited the
Mg2þ influx with IC50 values roughly comparable with
those reported for the TRPM7 current (Fig. 3) (18,19,26).
IC50 values of these TRPM7 inhibitors for SLC41A1,
MagT1, and ACDP2 have not been reported, and as one
(or more) of these compounds may inhibit Mg2þ channels/
transporters other than TRPM7, we used a combination of
three inhibitors. We also confirmed that 2-APB and
NS8593 inhibited the MIC current, the current likely carried
by monovalent cations via the TRPM7 channel (Fig. 7). On
the other hand, naltriben, a recently discovered activator of
the TRPM7 channel (22), enhanced the Mg2þ influx. Sec-
ond, the Mg2þ influx was enhanced by intracellular alka-
losis and was inhibited by intracellular acidosis (Fig. 4). A
similar pH-dependent modulation of TRPM7 has been re-
ported (21). Third, Ni2þ appeared to enter the cells by
competing with the same pathway as that of Mg2þ
(Fig. 5). It has been reported that the TRPM7 channel
permeates Ni2þ with a permeability even higher than
Mg2þ (17). On the other hand, SLC41A1, MagT1, and
ACDP2 hardly permeate Ni2þ (8,9,27). Furthermore, 2-
APB and NS8593 inhibited the Ni2þ influx with IC50’s com-
parable with those for the Mg2þ influx. Overall, the present
results suggest that the TRPM7 channel serves as a primary
physiological pathway for Mg2þ entry into cardiac
myocytes.
The Mg2þ influx was essentially unaffected by the coex-
istence of 1 mM extracellular Ca2þ. This finding is unex-
pected because TRPM7 can also permeate Ca2þ with a
slightly lower permeability than Mg2þ (17,18). It would
therefore be expected that competition of extracellular
Ca2þ and Mg2þ for the TRPM7 channel should lead to a
decrease in the Mg2þ influx rate. To further investigate
the effect of Ca2þ on the Mg2þ influx, we found that the
Mg2þ influx was slowed by chelation of intracellular
Ca2þ by BAPTA even in the extracellular presence ofBiophysical Journal 107(9) 2049–20581 mM Ca2þ (Table 2). This indirectly suggests that the
extracellular Ca2þ by itself may inhibit the Mg2þ influx.
Kozak et al. (28) measured the MIC current under the
whole-cell configuration in RBL cells and reported that
the MIC current amplitude was, on average, 2.4-fold greater
at ~ 90 nM [Ca2þ]i (1 mM EGTA plus 0.5 mM Ca
2þ in the
pipette) than the condition essentially free of intracellular
Ca2þ (only 1 mM EGTA in the pipette). It follows that
the TRPM7 may be activated by [Ca2þ]i around the basal
level. In our experiments without intracellular BAPTA,
extracellular addition of 1 mM Ca2þ caused Ca2þ influx
through the TRPM7 channel and raised [Ca2þ]i, which
might subsequently activate the TRPM7 channel. Our hy-
pothesis is that the activation of the TRPM7 channel
masked inhibition of the Mg2þ influx by extracellular
Ca2þ, which was unmasked by the removal of intracellular
Ca2þ. The possible modulation of the TRPM7 channel ac-
tivity by low levels of [Ca2þ]i should be an important sub-
ject for future studies.
The Mg2þ influx was observed in the Naþ-free bathing
solution (NMDG Tyrode’s solution, Table 1) (Fig. 1 C).
This is in contrast to the Naþ-dependent Mg2þ efflux,
Naþ/Mg2þ exchange, which requires extracellular Naþ for
its activity (13). However, the rate of Mg2þ influx was
slightly but significantly reduced by the removal of extracel-
lular Naþ (Table 2). This apparent dependence on extracel-
lular Naþ could be attributed to intracellular acidosis, which
inhibits TRPM7 channel activities (21). Elliott et al. (29) re-
ported that the inhibition of Naþ/Hþ exchange by replace-
ment of extracellular Naþ with NMDG caused a decrease
in intracellular pH (pHi) to ~ 6.8 in rabbit salivary gland
acinar cells. Wu et al. (30) also reported that similar acidifi-
cation was induced by Naþ-free solution in single rat
cardiac myocytes. Inhibition of the Mg2þ influx by intracel-
lular acidosis was confirmed by the experiments shown in
Fig. 4. Application of NH4Cl is expected to cause a rise of
pHi, whereas the subsequent removal of NH4Cl should
decrease pHi to ~ 6.8 (23,30). Here, during prolonged intra-
cellular acidosis in the presence of EIPA, an inhibitor of the
Naþ/Hþ exchange, the Mg2þ influx rate was significantly
reduced (Fig. 4 B). The mean rate of Mg2þ influx obtained
during intracellular acidosis, 0.155 0.02 mM/s, was similar
to that obtained in NMDG Tyrode’s solution, 0.15 5
0.02 mM/s (Table 2).
We also noted that [Mg2þ]i recovery overshot in NMDG
Tyrode’s solution (Fig. 1 C) with steady state [Mg2þ]i signif-
icantly higher than the basal level (Table 2). A similar over-
shoot of the Mg2þ recovery was observed during
intracellular acidosis induced after pulse application of
NH4Cl in the presence of EIPA (Fig. 4 B and Table 2). It
is thus conceivable that low pHi modifies the regulation of
the Mg2þ influx in a biphasic manner: inhibition at a low
[Mg2þ]i and facilitation at a relatively high [Mg
2þ]i near
the basal level. Further studies are necessary to clarify the
mechanism of this [Mg2þ]i overshoot.
FIGURE 7 Effects of TRPM7 inhibitors on
IMIC. (A) A typical record of the membrane cur-
rents, showing the inward current at 120 mV
(red dots) and the outward current at þ60 mV
(black dots). The divalent-free solution (DVF)
and then 2-APB (100 mM 2-APB) were applied
during the periods indicated by horizontal bars.
(B) I-V relations obtained from the experiment
shown in A at cell membrane rupture (black), in
the divalent-free solution just before 2-APB appli-
cation (red) and 140 s after the application of 2-
APB (blue). (C) Each symbol represents the
mean 5 SE of the inward current amplitude at
120 mV normalized to that just before applica-
tion of 2-APB. A concentration-response curve
for 2-APB (red) was drawn by least-squares fit of
the data set by the Hill type curve, as described
in the legend of Fig. 3, with the max set to 1.0.
(D) The membrane currents were measured at
120 mV (red dots) and at þ60 mV (black dots),
and the divalent-free solution was applied during
the period indicated by a horizontal bar (DVF),
as in A. NS8593 (10 mM) was then applied, as indi-
cated. To see this figure in color, go online.
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depletion
DuringMg2þ depletion,Mg2þwas driven outwardwith depo-
larization of the cellmembrane by highKþ and reversal of the
Mg2þ concentration gradient by the removal of extracellular
Mg2þ (Mg2þ-depletion solution, Table 1). We found that
the rate of Mg2þ efflux was decreased to ~ 50% by 100 mM
2-APB (Table 3), which is roughly consistent with the drug’s
effect on the Mg2þ influx (Fig. 3 A) and IMIC (Fig. 7 C). The
Mg2þ efflux was also inhibited to ~ 50% by 10 mM NS8593
(Table 3), a concentration slightly higher than those required
for 50% inhibition of Mg2þ influx (2.0 mM, Fig. 3 B) and for
Ni2þ influx (4.4 mM, Fig. 5 D). This small discrepancy in po-
tencies of NS8593 could be attributable to the difference in
[Mg2þ]i; the Mg
2þ efflux was induced at basal [Mg2þ]i
(~ 0.9mM),whereas the influxofMg2þ andNi2þwas induced
at low [Mg2þ]i (0.2 to 0.5 mM) inMg
2þ-depleted cells. It has
been reported that the inhibitory effect of the drug on TRPM7
currents is [Mg2þ]i dependent, being more potent at lower
[Mg2þ]i (20). Thus, the results suggest bidirectional flux of
Mg2þ across the cell membrane, either inward or outward de-
pending on electrochemical gradient of Mg2þ, through the
common pathway. TRPM7 channels appear to form most, if
not all, of the Mg2þ permeation pathway.Mg2D homeostasis in cardiac myocytes
Basal [Mg2þ]i is maintained at ~ 0.9 mM in rat ventricular
myocytes. When [Mg2þ]i falls, the Mg
2þ influx is activated.This [Mg2þ]i-dependent activation of the Mg
2þ influx can
increase [Mg2þ]i to return to the basal level, as shown in
the present study. On the other hand, previous studies
have shown that a small rise in [Mg2þ]i above the basal level
could activate the extracellular Naþ-dependent Mg2þ efflux,
most likely the Naþ/Mg2þ exchange, until [Mg2þ]i returns
to the basal level (13,14,31,32). Although a complete under-
standing of intracellular Mg2þ homeostasis requires further
investigation, our current working hypothesis is that the
Mg2þ influx and the Naþ/Mg2þ exchange work in concert
at, respectively, low and high [Mg2þ]i ranges to tightly regu-
late [Mg2þ]i around the basal level. The present study pro-
vides evidence that TRPM7 channels are primarily
responsible for physiological Mg2þ influx in native cardiac
myocytes.APPENDIX
This section describes derivation of the equation used to calculate cyto-
plasmic Mg2þ buffering. Mg2þ buffering power in the cytoplasm (b) is
defined by the following:
b ¼ d½Mgtot

d

Mg2þ

i
; (A1)
where [Mg]tot is equal to the sum of concentrations of free Mg
2þ ([Mg2þ]i)
and Mg bound to cytoplasmic buffer sites. For the cytoplasm that contains kMg2þ buffer species,
b ¼ Sd½MgBn

d

Mg2þ

i
þ 1; (A2)
where [MgBn] is the concentration of a Mg
2þ-bound buffer n (n ¼ 1.k).
For each of k Mg2þ buffer species, the binding site of the buffer Bn andBiophysical Journal 107(9) 2049–2058
2058 Tashiro et al.Mg2þ are in thermodynamic equilibrium to form MgBn. From the mass ac-
tion relation, [MgBn] is given by the following:
½MgBn ¼

Mg2þ

i
, ½Bntot
 
KDn þ

Mg2þ

i

;

(A3)
where KDn is the dissociation constant of buffer n for Mg
2þ. [Bn]tot is the
total concentration of the buffer n, and is equal to [Bn] þ [MgBn]. Differ-
entiation of Eq. A3 gives the following:
d½MgBn

d

Mg2þ

i
¼ ½Bntot ,KDn.KDn þ Mg2þi2:
(A4)
Substitution of Eq. A4 for d[MgBn]/d[Mg
2þ]i of Eq. A2 gives the
following:
b ¼ S
"
½Bntot ,KDn
KDn þ ½Mg2þi
2
#
þ 1: (A5)
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